Diarrhoeal diseases are primary contributors to millions of deaths annually. Yet, little is known about the evolutionary reasons for the differences in virulence among gastrointestinal pathogens. Applying the comparative, cost/benefit approach of evolutionary biology this paper proposes that waterborne transmission should favour evolution towards high virulence. This hypothesis is supported by a cross-specific test, which shows that waterborne transmission is strongly correlated with the virulence of bacterial gastrointestinal pathogens of humans. Alternative explanations of this correlation are not supported by available data. These findings bear on public health policy because they draw attention to a previously unrecognized long-range benefit gained from purification of water supplies: diarrhoeal pathogens may evolve to lower levels of virulence.
INTRODUCTION
Severity of diarrhoeal diseases. During the last two decades diarrhoeal diseases have been primary contributors to about 5-18 million deaths per year [1] [2] [3] [4] . Although host factors such as nutrition and age are associated with the severity of gastrointestinal infections (e.g. [5] ), virtually nothing is known about the evolutionary reasons for the great differences in virulence within and between species of gastrointestinal pathogens. (In this paper 'virulence' refers to the level of negative effect on the host.) This vacuum in our knowledge is critical because only through a knowledge of the evolutionary determinants of pathogen virulence can we predict its future evolution and the influences of human activities on this evolution.
The health sciences have devoted relatively little attention to the evolution of virulence presumably because of misunderstandings about the levels at which natural selection acts. Until recent years authors writing on the subject generally concluded unjustifiably that coevolution between host and parasite should lead to very benign or commensal relationships (reviewed by [6] ; I define ' parasite' as an organism that lives in or on another organism and has a negative effect on the fitness of that organism, and 'pathogen' as a subcellular or unicellular parasite.) Because the errors of traditional thinking about virulence have been addressed only relatively recently (see [7] [8] [9] [10] ), tests of tenable theory are just beginning.
The cost/benefit perspective and vector-borne transmission. This paper is one of a series that investigates the evolution of virulence using the comparative method 84 P. W. EWALD (sensu [1] ). I first predict from theory situations in which extensive use of host resources should provide the pathogen with exceptionally great fitness benefits and exceptionally low fitness costs (fitness being measured by contribution of the relevant genes into future generations, sensu [11, 12] ). I then test these predictions by comparing them with the actual relationships derived from the literature. The first paper using this approach confirmed the prediction that pathogens transmitted by biting arthropod vectors should be especially virulent [8] .
Virulent genotypes should be favoured analogously by cultural vectors. A cultural vector is defined as a set of characteristics that allow pathogens to be transmitted from immobilized hosts when at least one of the characteristics is some aspect of human culture [6] . The cultural vector considered in this paper involves the transmission of gastrointestinal pathogens to susceptible hosts via contaminated water.
A positive association between vector-borne transmission and virulence is expected because evolution places two opposing pressures on pathogen genes that contribute to extensive reproduction in hosts.
Like pathogens transmitted by arthropod vectors, waterborne pathogens should incur relatively small fitness costs and large benefits from extensive reproduction inside hosts. A person immobilized by a severe case of diarrhoea will release pathogens into bedsheets, clothing and other objects that will tend to be washed. When the contaminated wash water mixes with unprotected drinking water, large numbers of susceptible people could become infected from the pathogens released from an immobilized host (for documentation of this process see [13] [14] [15] [16] [17] ). In this case, the cultural vector includes the materials contaminated by the immobilized host, the person removing this material, the contaminated waters that flow into the drinking water, and agents contributing to this flow or delivering the contaminated water to susceptible people. (This cost/benefit argument is also applicable to pathogenicity due to enterotoxins and need not assume that mutations enhancing waterborne transmission precede those increasing pathogen virulence; see [6] .)
The present paper tests a central prediction of this hypothesis: the virulence of gastrointestinal tract pathogens should be positively correlated with their tendencies for waterborne transmission. The test is restricted to bacteria because their pathogenicity and modes of transmission are well documented and variable. Pathogens species for which humans are dead-end hosts were excluded from the test because the level of virulence in a dead-end human host is irrelevant to the further transmission to other humans.
The test assumes that evolutionary changes in levels of pathogen characteristics relevant to virulence will occur over time scales in which the waterborne cultural vector has been present, that is, over years to millennia. This assumption seems reasonable considering the rapid rates of evolutionary changes documented in response to some cultural characteristics; for example, during the first 5 months of an epidemic of Vibrio cholerae in Tanzania, resistance to tetracycline changed from 0 to 76% of the isolates [18] .
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RANKING OF MORTALITY AS AN INDICATOR OF VIRULENCE
General methods. Because negative and positive effects of disease manifestations are often difficult to distinguish (see [8, 19] ), mortality was used as an indicator of virulence. The total number of infections resulting in death was estimated by the following procedure. A literature search was initiated using medical texts and computer-accessed databases. Searching continued using these sources and cited references until 20 outbreaks yielding quantifications of mortality (see below) were found or until a 20-h period of searching time provided no new leads. Any outbreaks found inadvertently were also included, based on the assumption that the increased accuracy resulting from increased sample size would outweigh any potential biases associated with the subject matter of these papers. The data therefore represent all relevant information of which I am aware.
For an outbreak to be included, the number of deaths needed to be explicitly stated unless the qualitative description indicated that no deaths occurred. The number of cases or an explicit estimate thereof was also required. Because sporadic severe infections should tend to be reported more often than sporadic nonlethal infections, mortality figures included only outbreaks involving at least 10 infections. To correct for frequencies of inapparent infections, mortality per case was divided by infections per case (as indicated by bacteriological positivity). In using these calculations I assume that any deviations between estimates and actual values (e.g. infections per case) do not covary with the actual values of mortality. This assumption was evaluated whenever possible by comparing overall estimates with more restricted comparisons; for example, values from different pathogens could sometimes be compared using data from the same research group and the same epidemiological procedures.
To reduce effects of improved treatment on mortality, data gathered without use of antibiotics or other effective treatments (e.g. hypotonic saline for cholera) were used whenever possible. When such data were unavailable, direct comparisons between pathogens were made during similar time periods. If ambiguities in a ranking arose from differences in the effectiveness of treatment, the involved pathogens were assigned tied ranks in a supplemental conservative test. For some pathogens reliable estimates of mortality for untreated cases were so limited that mortality figures were obtained from governmental or hospital records, rather than outbreaks. Pair-wise comparisons were made within geographic areas when possible.
To reduce variability due to the health status of infected individuals, calculations excluded outbreaks within highly vulnerable groups (neonates, patients with underlying disease, and residents in institutions for the mentally handicapped and aged) and deaths attributed by authors to causes other than the pathogen under consideration. Hospital outbreaks were also excluded because transmission in hospitals often occurs by a different cultural vector, which seems to enhance virulence [6] .
When comparing ratios of symptomatic to asymptomatic infections, and when comparing percentages of mortality, G tests were used with the Williams correction in accordance with the recommendations of Sokal and Rohlf [20] .
Vibrio cholerae. Mortality associated with untreated acute cases of classical 86 P. W. EWALD cholera is generally between 50 and 75% [21] . The most reliable mortality figures that I located involved 1243 hospitalized cases between 1895 and 1905 from the Medical College and Campbell Hospital in Calcutta: 59 and 63 % of these cases, respectively, were fatal [22] . These cases received supportive treatment but not hypertonic saline, which was introduced around 1905 and substantially reduced mortality rates. The patients were of different religious and racial groups, but the rates from all groups were similar (the low figure was 56*5 % for 92 Europeans and Eurasians, and the high was 61-6% for 814 Hindus [22] ). Another apparently reliable figure is 52% for the 7326 cases in the 1873 epidemic in the United States [23] . The average of these three values (58%) was used as the estimate of mortality from cases of untreated classical cholera. To obtain the mortality per infection, this value was divided by the infections per severe case (i.e. one in need of hospitalization).
Infections per severe case were estimated from frequencies of infection among contacts of index patients. For classical V. cholerae 3-7 infections occurred for every severe case (Table 1) , yielding a mortality per infection of 15-7% (i.e. 58% divided by 3-7).
Mortality data for untreated cases of el tor cholera are not available because the el tor biotype became prevalent only during the last three decades. Mortality due to el tor V. cholerae was therefore estimated as follows. The mortality per case of el tor cholera in south and southeast Asia from 1961 through 1966 (15-3%) was divided by the mortality per case of classical cholera in this geographic area during the same period (i.e. 40-5%; both figures from [33] ). To estimate mortality per untreated case of el tor cholera, I multiplied the mortality per case of el tor relative to classical cholera (15-3/40-5 = 0-38) by the fatality per untreated case of classical cholera (58-0%; see above). In making this calculation, I assume that the marginally effective treatment of cholera during this time period altered mortality per case by the same ratio for both biotypes (for classical cholera the reduction was about 58 to 4 1 % ; see above). The resulting mortality per untreated el tor case (21-9%) was divided by 15-2, which represents the infections per severe case (Table 1) , yielding 1-44% as the mortality per infection. The difference in virulence between classical and el tor V. cholerae is also apparent when the biotypes occurred within a community, during adjacent years [26, 27] or simultaneously [28] ; Table 1 ; P < 0 -05 for each difference. Salmonella typhi. Data from a well-studied, localized outbreak of S. typhi in rural Georgia [34] were used to estimate the infections per apparent case. Eleven of the 80 S. typhi infections were asymptomatic. Two of these were probably chronic carriers infected prior to the outbreak [34] . One-third of the remaining 69 symptomatic cases were found through a house-to-house canvass; thus, 1-13 infections were documented per symptomatic case (78 infections divided by 69 symptomatic cases), and the number of infections for each case normally recognized by physicians was 1-70 (78 infections divided by 46 apparent cases). When mortality figures from outbreaks were based on intense efforts to identify all symptomatic cases they were therefore divided by 113 to obtain the mortality per infection. For all other outbreaks, mortality per case was divided by 1-70 ( Table 2) .
The average of these figures (5-8%) is below the mortality per infection of Table 3 . Data from S. boydii and other serotypes of S. dysenteriae were insufficient for rankings of mortality and/or waterborne transmission. Shigella dysenteriae type 1 was analysed separately from the other serotypes of S. dysenteriae because its virulence is markedly different.
Infections per case were lowest for S. dysenteriae 1 and highest for S. sonnei (for S. dysenteriae 1 versus S. flexneri, G = 6-53, P < 0-02; for S. flexneri versus 8. sonnei, G = 17-42, P < 0-001; for S. dysenteriae 1 versus S. sonnei, G = 17-95, P < 0-001; data from Table 3 ).
Because these differences were derived from several studies, they might have been influenced by differences in methods of detection, geographic location or year of study. To reduce interpretive ambiguities pair-wise comparisons were made within teams of researchers. Among contacts of index patients, Khan and Shahidullah [31] found more infections per case of S. flexneri than S. dysenteriae 1 (G = 6-78; 2-tailed P < 0-01). Hardy and his associates found more infections per case of S. sonnei than S. flexneri (G = 10-95, 2-tailed P < 0*001; data from Table  4 ): the results from the pair-wise comparisons are, therefore, consistent with the overall differences.
To obtain mortality per infection the mortality per case for each outbreak in Table 3 was divided by the infections per case, which were 1-54 for S. dysenteriae 1, 2-22 for S.flexneri and 2-91 for S. sonnei (from Table 4 ), yielding 7-50, 1-32 and O65% mortality, respectively. In the United States, mortality associated with S. dysenteriae 1 was higher than that associated with the S. typhi outbreaks that occurred earlier in the century (Tables 2 and 3) . Similarly, in the United Kingdom, mortality associated with S. dysenteriae 1 was generally higher than that associated with S. typhi (Tables 2 and 3 ). Although these outbreaks did not occur simultaneously the observed ranking is opposite to that expected from a temporal change in the quality of care: the S. dysenteriae 1 outbreaks occurred after the S. * A small minority of these cases was apparently from Puerto Rico.
typhi outbreaks and were more severe. S. dysenteriae 1 was, therefore, ranked above S. typhi.
The average mortality in the two outbreaks of S. dysenteriae 1 in the United States (10-5%) was lower than that of the 1873 outbreak of cholera (14-1 %), in accordance with the overall difference between these two pathogens, but the large gap in time between these outbreaks weakens this comparison. The analysis of mortality across all species therefore ranked classical V. cholerae above S. dysenteriae 1 in one test and tied with S. dysenteriae in the second, more conservative test.
A more restricted comparison between S. flexneri and S. typhi is also consistent with the overall difference between these two species. During the 1920s and 1930s S. typhi infections were more lethal than S. flexneri infections in both the United States and the United Kingdom (Tables 2 and 3) .
The mortality associated with S. flexneri was slightly lower than that of el tor V. cholerae (see above). Data gathered in Bangladesh during the late 1970s and early 1980s provide a temporally and geographically restricted comparison. For el tor V. cholerae 11 of 158 infections required hospitalization (Table 1) . About 21-9 % of hospitalized el tor cases would be expected to die without treatment (see preceding section on V. cholerae), yielding 1-5% mortality for untreated infections. For S. flexneri 38-3 % of 141 infections were symptomatic (from Table 4 ). A 2-9 % mortality for untreated cases (Table 3 ) yields 1-1% mortality for untreated infections. The more restricted comparison is therefore consistent with the overall comparison; however, because the difference is small, the cross specific analysis was run both with el tor V. cholerae ranked above S. flexneri and, in the more conservative test, with the two pathogens assigned a tied rank.
Campylobacter jejuni. No mortality occurred in the 21 outbreaks of C. jejuni Table 5 . * For this outbreak deaths per individuals exposed is given; multiplying the number of cases by the average infections per case would have yielded more infections than the number of people exposed.
that met the criteria for inclusion in the test; however, occasional deaths due to C. jejuni have occurred [82, 83] .
Because the importance of C. jejuni as an enteric pathogen has become understood only since the mid-1970s, improved treatment and states of health complicate interspecific comparisons. To assess whether the overall mortality per infection was less than that for S. sonnei during a similar time period, S. sonnei outbreaks from 1970 onwards were compiled (Table 5) .
If high-risk populations (i.e. institutions for elderly and mentally handicapped) are excluded, the mortality per S. sonnei infection was 0-05% (Table 5) , which is higher than the analogous figure collected from studied outbreaks of C. jejuni (no deaths in about 4500 cases from 22 outbreaks). Including outbreaks from high-risk populations yields a mortality of 0-11 % for S. sonnei (from Table 5 ) and 0-05% [4 deaths/(6740 cases x 1-3 infections per case)] for C. jejuni.
Antibiotics have substantial effects against S. sonnei, but little if any against C. jejuni [94] [95] [96] [97] ; consequently, if no infections had been treated, the observed difference in mortality would if anything increase. On the basis of these considerations, C. jejuni was ranked below S. sonnei.
Non-typhoid salmonella. Since the middle of this century the mortality associated with reported cases of non-typhoid salmonella in the United States ranged from about 5 -3-0 -4% [98] [99] [100] [101] . The ratio of unnoticed infections to reported cases of non-typhoid salmonella is estimated to be at least 100:1 [102, 103] . The mortality per infection was therefore approximately 0 -004-0 -053%. This range is lower than that of S. sonnei but not distinguishable from C. jejuni (see above). Direct comparisons of these two pathogens suggest similar prevalences and deaths per capita [96, 83] . They were therefore assigned the same rank. Escherichia coli. Determination of mortality due to E. coli is complicated by the broad spectrum of interactions between this species and humans. Calculation of accurate mortality per infection is not feasible for the entire species because frequencies of non-pathogenic infection are high and not accurately quantified. Unbiased calculation of mortality due to ' enteropathogenic' E. coli is not feasible because associations between these serotypes and pathogenicity are uncertain [104] . Use of the traditional 'enteropathogenic' serotypes would probably strongly bias the sample toward high virulence. Restriction of the analysis to invasive and haemorrhagic serotypes [105] is not feasible because of insufficient data.
For enterotoxigenic E. coli, these problems are relatively unimportant. Genetic instructions for toxin production are either present or absent [106, 107] and many outbreaks have been studied. As with C. jejuni, no deaths from enterotoxigenic E. coli were reported in the nine outbreaks conforming the criteria for inclusion in the test, but deaths have occurred in vulnerable individuals and institutional settings in which attendants act as cultural vectors (e.g. among infants in nursery wards; see [6] ). Enterotoxigenic E. coli was therefore assigned the same rank as C. jejuni and nontyphoid salmonella.
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RANKING OF TENDENCIES FOR WATERBORNE TRANSMISSION
General methods. If waterborne transmission was implicated for any portion of the infections, the outbreak was assigned to the waterborne category; if waterborne transmission was rejected as a possibility, or if an alternative mode was clearly implicated while water was not, the outbreak was placed in the nonwaterborne category. If a food-borne outbreak resulted from contamination of the food with water, the outbreak was included in the waterborne category because such transmission conforms to the definition of a cultural vector (see Introduction). Food-borne outbreaks in which water contamination was neither documented nor suspected were counted as non-waterborne. Food-borne outbreaks generally do not involve cultural vectors because infected food handlers generally must be mobile in order to contaminate food. If transmission occurred through contamination of water within a household or institution, the outbreak was counted as non-waterborne, because such transmission should rely upon host mobility in a manner analogous to transmission through contamination of food by food handlers. For some outbreaks, authors or agencies (e.g. the Centre for Disease Control of the US Public Health Service) stated a mode of transmission without presenting the evidence for their conclusions. For these outbreaks, I trusted the published conclusions unless the available data raised serious doubts; such outbreaks were excluded from the analysis. Other details of the literature search were as described for quantification of mortality.
V. cholerae. During the last two decades, several investigators have concluded that cholera outbreaks involved waterborne transmission (see Tables 6 and 7 ): [ 57] however, many of these conclusions have been questioned by Feachem [141] , who proposed that although the outbreaks may have involved contaminated water, non-waterborne transmission is consistent with the results. Because of the uncertainties associated with these arguments the percentages of waterborne outbreaks were calculated in two ways. In the first calculation I assumed that water played a role in transmission in all of the outbreaks for which waterborne transmission was supported. In the second calculation I excluded these outbreaks from the waterborne category, but counted them as non-waterborne only if epidemiological evidence for non-waterborne transmission existed. The difference between the percentages in Tables 6 and 7 indicates that classical V. cholerae has been waterborne more often than el tor V. cholerae. Sommer and Woodward's [113] data show a similar difference within a single community where a classical outbreak was followed by an el tor outbreak in successive years.
Salmonella typhi. Seventy-four percent of the S. typhi outbreaks involved waterborne transmission (Table 8 ). This percentage places 8. typhi slightly below classical V. cholerae in terms of waterborne transmission.
The available data permit some temporally and geographically restricted comparisons between S. typhi and classical V. cholerae. Prior to 1900 the percentage of waterborne outbreaks in the United States and western Europe were virtually the same for these pathogens (17 out of 20 from Table 8 , and 16 out of 19 from Table 6 ). In the United States improvements in water purification began near the turn of the century [35, 144] and continued through the mid-century [44, 161, 162] . Classical V. cholerae infections virtually vanished from the United States after the initial improvements in water supplies; S. typhi outbreaks did not vanish, but the proportion of waterborne outbreaks become rarer as the water supplies were purified (P < 0-01, Cochran-ordered x 2 = 8-34, 1 D.F. [163] ; Table  8 ; outbreaks were grouped chronologically, maximizing the number of groups under two constraints: null hypothesis frequencies were > 5 and the standard deviation of outbreaks per group was minimized).
Data from England permit a more temporally and geographically restricted comparison. Between 1843 and 1847 water supply improvements in 24 towns reduced the death rates from typhoid by up to about 50 %; cholera death rates were more markedly reduced, by more than 90% in at least two communities [108] .
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The difference between S. typhi and classical V. cholerae with regards to longterm carriage may be one factor resulting in the more abrupt decline in classical V. cholerae than in S. typhi following water purification. Long-term excretion of classical V. cholerae is extremely rare. Virtually all cases and carriers generally cease excretion within days to a few weeks [15, 24, 27] , the longest documented duration being about 40 days [15] . In contrast, approximately 2-5% of S. typhi cases continue excretion for several months to many years after symptomatic recovery [144, 164, 47] . Since carriers are known to contribute to non-waterborne transmission (e.g. [146] ), S. typhi's greater carriage rates help explain its persistence after water purification.
On the basis of these considerations, S. typhi was ranked as less waterborne than classical V. cholerae; however, because of the uncertainty associated with this ranking, S. typhi and classical V. cholerae were assigned tied ranks in the more conservative cross-specific test.
Shigella spp. Like classical V. cholerae and S. typhi, the frequency of S. dysenteriae declined strongly in industrialized countries as drinking water was purified. In countries with persistently contaminated water (e.g. Guatemala; see [165] ) S. dysenteriae 1 has continued to cause disease generally at low-to-moderate prevalences [166] [167] [168] [169] . When it was introduced into the United States during a massive Central American epidemic (Table 3 ), the secondary spread (i.e. in the absence of waterborne transmission) was insufficient to maintain the pathogen; the number of new infections from a given infection was approximately 0-4 (calculated from [170] ).
Because of the paucity of information about modes of transmission for S. dysenteriae 1, some tentative identification of modes of transmission were included in the analysis (signified by a question mark in column 3 of Table 9 ). Four of the five outbreaks with reliable identification of transmission mode were waterborne, placing S. dysenteriae 1 between classical V. cholerae and S. typhi. On the basis of 100 P. W. EWALD all 12 outbreaks listed in Table 9 , S. dysenteriae 1 would be less waterborne than S. typhi. In the conservative comparison all three species were therefore assigned tied ranks.
The greater waterborne transmission of 8. dysenteriae 1 relative to S. jlexneri (Tables 9 and 10 ) is supported by a more restricted study in Bangladesh showing that contaminated water was a risk factor for S. dysenteriae 1 but not S. flexneri [208] .
When outbreaks are combined over all years, the percentage involving water was significantly greater for 8. flexneri than for S. sonnei (P = 0-02, G = 5-4). One might argue, however, that the lower percentage of waterborne outbreaks associated with S. sonnei is unreliable because of the disproportionate number of S. sonnei outbreaks during the last two decades, when water supplies were relatively pure. This hypothesis can be evaluated by taking time periods into account. If a pathogen is often waterborne but can be maintained without waterborne transmission, the percentage of outbreaks involving water should decline as water supplies are improved (e.g. see the preceding analysis of 8. typhi). If, however, a pathogen is generally not transmitted by water, the proportion of waterborne outbreaks might not decrease perceptibly as the purity of drinking water increases (e.g. if a pathogen could be transmitted only by direct contact purification of water should not directly affect its proportion of waterborne outbreaks).
S. sonnei survives longer than 8. flexneri on surfaces exposed to air [75, 209, 84, 84] but apparently not in water [210, 205] . The two species have similar durations of excretion per infection [211, 212, 81] , but the frequency of asymptomatic infections, which are associated with low excretion rates of shigella [213, 214] , are higher for 8. sonnei than for S. flexneri (Table 4) . On the basis of these characteristics and the differences between the species in mortality (Table 3) , the degree of waterborne transmission should have declined more strongly through this century for 8. flexneri than for S. sonnei. The decline in waterborne S. flexneri was statistically significant (P < 0-05, x 2 = 4-51, Table 10 ; grouping as described above for S. typhi). Analogous analyses of S. sonnei outbreaks (Table 11 ) yielded nonsignificant trends in the opposite direction, whether based on the same temporal divisions used for S. flexneri (P < 0-3; x 2 -1'65); or the same rules for temporal division (P < 0-3; x 2 = 0-62).
To compare directly waterborne transmission of these two species, the combined data from both species were divided according to the median outbreak. The degree of waterborne transmission prior to the median is significantly greater for S. flexneri than for S. sonnei (54 versus 24%, P < 0-02, G = 5-62), but no significant difference between the species existed after the median outbreak (21 versus 27 %, P > 0 5 ; 0 = 0-26).
The data in Tables 10 and 11 are insufficient for a highly temporally and geographically restricted comparison early in this century when waterborne outbreaks were relatively common, but moderately restricted comparisons are consistent with the overall trend; for example during the second quarter of this century, 43% of the S. flexneri outbreaks in western Europe and North America involved waterborne transmission compared with 13% of the S. sonnei outbreaks (G = 3*71, 1-tailed P < 0-05). On the basis of the preceding analyses, S. sonnei was considered less waterborne than S. flexneri.
The ranking of S. dysenteriae 1 as the most waterborne shigella and S. sonnei as the least is consistent with a recent study of the effects of handwashing on transmission of shigellosis. Infection through direct contact, contact with fomites, and contamination by food handlers and water handlers are the routes of transmission that should be reduced by handwashing. Infection through contamination of drinking water outside of the house should not be reduced to the same degree by handwashing if it is reduced at all. Among family contacts of index cases in Dhaka, Bangladesh, handwashing reduced S. dysenteriae 1 by 33% relative to controls, 8. flexneri by 67%, and other Shigella by 87% [239] . About half of the ' other Shigella' in Dhaka at about this time were S. sonnei; the other half were S. boydii and the relatively benign serotypes of S. dysenteriae [240, 77] .
Campylobacter jejuni. Outbreaks of C. jejuni are classified according to waterborne transmission in Table 12 . To permit comparison with S. sonnei, the proportion of outbreaks of S. sonnei attributable to water was calculated for all outbreaks of this species during the 1970s and 1980s (from Table 11 ). As this percentage (24-3%) is above the analogous figure for C. jejuni (10 -7%), C. jejuni was ranked below S. sonnei.
Enterotoxigenic Escherichia coli. Waterborne transmission was implicated in 20% of the 15 outbreaks due to enterotoxigenic E. coli (Table 13 ). This percentage is less than both the overall and the more recent percentages for S. sonnei (see above) and greater than the percentage for C. jejuni. Enterotoxigenic E. coli was, therefore, ranked between these two pathogens.
Non-typhoid salmonella. Of the 258 outbreaks of non-typhoid salmonella for which the CDC [175] could ascribe modes of transmission, only 1-6% were ascribable to water. The corresponding figure from the United States for 8. sonnei during this time period is 29'5 % (based on the 44 outbreaks in Table 11 referenced by CDC, Reller et al., Rosenberg et al. or Weissman et at) . This percentage for nontyphoid salmonella is also less than the percentage for C. jejuni in the United States (15 -4% of 26 outbreaks) and enterotoxigenic E. coli (25% of 4 outbreaks). Non-typhoid salmonella was therefore ranked as the least waterborne pathogen.
THE OVERALL TREND AND ALTERNATIVE HYPOTHESES
The overall trend. The positive correlation between mortality and waterborne transmission is statistically significant (P < 0 -01, r s = 0 -98 Spearman rank test; Table 14 ). Exclusion of the outbreaks whose modes of transmission were challenged (see Vibrio cholerae section of ' Ranking of tendencies for waterborne transmission') reversed the ranking of el tor V. cholerae and S. flexneri, but still yielded a significant correlation (P < 0 -01, r s = 0 -97). One might argue that campylobacter and salmonella should not be included in this test because they are prevalent in animal reservoirs. A statistically significant correlation between mortality and waterborne transmission still exists, however, even if these two pathogens are excluded (P < 0 -01, r s = 1-0 using ranks of Table 14) .
One could argue that the quantifications of waterborne transmission in Table 14 were gross overestimates of the actual levels of waterborne transmission due, for example, to preferential reporting of waterborne outbreaks in the literature. If so, waterborne transmission among the most waterborne pathogens in Table 14 -81  1980  1980  1980  1980  1980  1980  1980  1980  1980  1980  1980  1980-1  1981  1981  1981  1981  1981  1981  1981  1981  1982  1982  1982  1982  1982  1982  1982  1982  1982  NG  1983  1983 be too rare to favour the evolution of increased virulence. The disappearance of classical V. cholerae immediately following the first major improvements in water purification (see ' Rankings of tendencies for waterborne transmission', subsection Salmonella typhi) and the dramatic decline the prevalence of S. typhi and S. dysenteriae during decades of water purification [6] , however, support the importance of waterborne transmission as indicated in Table 14 .
The correlation between mortality and waterborne transmission does not prove that the two are linked evolutionarily. One could hypothesize that other variables correlated with both waterborne transmission and mortality cause the correlation shown in Table 14 .
Temporal correlates. Time is one possible correlate of waterborne transmission and mortality. The more virulent pathogens would tend to be noticed earlier when water supplies were generally more contaminated. Mortality at this time might also be inflated by variables such as poor nutrition. As noted in the preceding sections, temporally and geographically restricted comparisons confirm virtually every comparison. In the conservative test referred to throughout this paper, tied rankings were given to pathogens whose virulence or mortality could not be 104 P. W. EWALD distinguished in temporally and geographically controlled comparisons. The resulting correlation was still statistically significant (P < O01, r s = 097).
Fly-borne transmission. Another possible correlate of waterborne transmission and mortality is the degree of transmission by flies that contaminate objects and food. One could argue that fly-borne transmission favours virulent genotypes, using an argument analogous to that used for biting, terrestrial arthropods (see Introduction).
Flies have long been suggested as important transmitters of gastrointestinal pathogens, often on the basis of associations between fly abundance and disease prevalence (e.g. [289] [290] [291] [292] ). Such evidence is weak because environmental conditions favouring growth of fly populations may correspond to those favouring transmission by other routes. Flies did seem to contribution to transmission in two outbreaks of shigellosis, when S. sonnei and especially S.flexneri were the common Shigella species [293] [294] [295] .
Flies harbour all of the pathogen species in Table 14 [15, 289, 290, [296] [297] [298] , except possibly C. jejuni, which has been recognized only recently as a common pathogen of humans [242] . In Thailand, enterotoxigenic E. coli, the relatively benign non-01 V. cholerae, and Shigella sp. were isolated from flies [299] , which were tested for all genera in Table 14 except Campylobacter. In Bangladesh, E. coli was isolated from most body washes and excreta of flies; S. flexneri and V. cholerae (almost certainly not the classical biotype) were isolated rarely from body washes and never from fly excreta. None of the other pathogens in Table 14 were isolated.
In general, fly-borne transmission seems strongly dependent on infectivity with low doses (e.g. as in Shigella species) and the ability of organisms to grow on food (e.g. as in Salmonella typhimurium, [300] ). The data do not support the idea that the relatively benign gastrointestinal bacteria (e.g. E. coli, Shigella sonnei, and non-typhoid salmonella are less fly-borne than the same virulent bacteria (see also [300] ).
Aqueous inocula. One might hypothesize that the relationship between mortality and waterborne transmission results from the aqueous medium (e.g. diluting stomach acidity) or the large dosages ingested in water. This alternative can be evaluated by comparing mortality of waterborne outbreaks with non-waterborne outbreaks of the same pathogen.
Snow [16] provided detailed case: fatality data on four of the cholera outbreaks in Table 6 . The outbreaks involving transmission by contact were not associated with a lower mortality than the waterborne outbreaks: deaths occurred in 5 of 11 cases and 8 of 11 cases in the two non-waterborne outbreaks (in Moor Monkton and Pocklington/York respectively) as compared with 38 of 80 cases and 25 of 45 cases (in Rotherhithe and Manchester respectively).
The waterborne outbreaks of S. typhi had a slightly but not significantly greater mortality than the non-waterborne outbreaks: 5-7 + 2-4 (S.D.) VS. 4-4+1-2 (P P 0 -05. Mann-Whitney U test; data from Tables 2 and 8) ; however, even if the nonwaterborne value were used in Table 14 , the ranking would remain unchanged.
Only two outbreaks of S. dysenteriae 1 with mortality data were ascribed a mode of transmission : the waterborne outbreak [51] was associated with a slightly lower mortality than the outbreak in which water was not implicated [55] . The mortality associated with the waterborne outbreak of S.flexneri (in Ogmore Vale, Smethwick and Yallaho) was lower than that of the outbreak in which water was not implicated (in Newcastle/Durham; see Table 3 ). None of the S. sonnei outbreaks in Table 3 were documented as waterborne; those for which a mode was ascribed were associated with an average mortality of 0-36 + 079% (S.D.), which is below the corresponding figure for non-waterborne outbreaks as well as for all outbreaks of S. flexneri (see above).
Comparisons of mortality in waterborne and non-waterborne outbreaks are not useful for the remaining pathogens because their mortality rates were essentially zero; either untreated mortality was zero in both waterborne and non-waterborne outbreaks (e.g. C. jejuni, enterotoxigenic E. coli) or the outbreaks involved effective treatment (e.g. el tor V. cholerae).
The evidence therefore does not support the argument that the higher mortality associated with waterborne disease results from ingesting pathogens in an aqueous medium.
Desiccation resistance. One could hypothesize that variation in desiccation resistance caused the correlation in Table 14 by diverting pathogen resources from reproduction. A negative association between waterborne transmission and desiccation resistance does exist among Shigella sp. [6] and between el tor and classical V. cholerae [26, 301, 302] . These associations, however, are also consistent with the cultural vectors hypothesis, because contact transmission, desiccation resistance, and benignness should favour each other evolutionarily.
The desiccation resistance hypothesis is weakened by current knowledge about virulence genes and growth of bacterial cultures. Virulence depends directly on the presence of genes for adhesiveness, toxin production, and invasiveness and other genes which regulate or complement these characteristics [105, 303, [304] [305] [306] [307] [308] [309] . When such genes are transferred from Shigella sp. to Escherichia coli, the latter develops the former's virulence characteristics [303] . Similarly, transfer experiments show that one of V. cholerae'& plasmids increases fluid accumulation, although it did not contain the gene for cholera toxin, and did not increase intestinal colonization [310] ; the virulence enhancement, therefore, did not result from a diversion of resources from desiccation resistance to colonization ability.
When el tor and classical V. cholerae are grown in culture the less virulent el tor predominates [311, 312] , even in aqueous media [312] and in vivo when the hypothesized competitive benefits of toxin production [6] were eliminated through intestinal ligation [311] . These greater growth rates of the more benign pathogens are contrary to the desiccation hypothesis and consistent with the cultural vectors hypothesis given a biochemical cost of virulence, which occurs among V. cholerae: the classical biotype has nontandem chromosomal duplication of the cholera toxin operon and produces greater concentrations of cholera toxin than the el tor biotype, which usually has only a single copy [312, 313] .
Data from Shigella spp. provide further support of the cost of virulence genes. When S.flexneri are grown in cell free culture, mutants lacking functional genes for cell invasiveness outcompete invasive genotypes [314] ; however, when grown in cell culture Shigella spp. containing virulence plasmids both infected cells at greater rates and had greater haemolytic activity than strains without virulence plasmids [307] . The most lethal serotype, S. dysenteriae 1, more negatively affected host protein synthesis and intracellular multiplication than did the less virulent S. flexneri and S. sonnei [315] . This inhibition presumably results from the much greater production of cytotoxin by S. dysenteriae 1 [315] . Taxonomic relationships. The taxonomic division of the pathogens also needs to be considered. If taxonomically similar species were clustered with regards to mortality and degrees of waterborne transmission then one might argue that a higher taxonomic division was a more appropriate unit of grouping. The taxonomically related pathogens, however, do not appear to be clustered any more than would be expected by a random grouping: classical and el tor V. cholerae differ substantially from each other, as do S. typhi and non-typhoid salmonella. The Shigella species are relatively evenly distributed according to mortality rates. 8. flexneri and 8. sonnei are similar in terms of both mortality and waterborne transmission, but among the entire group of taxonomically similar pathogens one such adjacent ranking of taxonomically similar pathogens is probable if the rankings are independent of taxonomic relatedness. Shigella sp. and Escherichia coli are so similar taxonomically that polynucleotide hybridization fails to distinguish them [316] , yet the four species in these genera span nearly the entire range of mortality. The tribe to which these two genera and Salmonella sp. belong show a similarly broad distribution in mortality and waterborne transmission.
RELEVANCE OF THE CORRELATION
The preceding analyses suggest that virulence of gastrointestinal bacteria is evolutionarily linked to waterborne transmission. This result draws attention to the need for controlled field studies to determine whether purification of drinking water decreases frequencies of virulent species of pathogens and virulence genes within species of pathogens.
Recent evaluations of intervention studies have concluded that it is less cost effective to combat diarrhoeal diseases through water purification than through increases in water quantity or improving excreta disposal [317] [318] [319] . The results of this study emphasize the need to distinguish between, rather than lump together, the various diarrhoeal pathogens when making conclusions. Where severe pathogens such as classical V. cholerae, Salmonella typhi, and Shigella dysenteriae predominate, purification of water should reduce morbidity and mortality more strongly than where more benign pathogens such as el tor V. cholerae, Shigella sonnei, and enterotoxigenic E. coli predominate. In accordance with the arguments presented in this paper, studies implicating greater effectiveness of water quantity or improved excreta over water purification typically occur in areas where the latter group of pathogens predominates. The correlation between increased benignity and increased effectiveness of methods other than water purification is well illustrated by Khan and Shahidullah's [239] study of shigella (see the Shigella spp. subsection under 'Ranking of tendencies for waterborne transmission').
Resolution of these relationships should eventually improve allocations of economic resources for control of disease. As suggested above, disadvantages of contaminated water generally have been assessed in terms of prevalences of particular pathogen species or short-term effects on morbidity and mortality (e.g. [317, 318] ). The results of this paper suggest an additional long-term cost: the average virulence per infection should increase over evolutionary time scales because pathogen genotypes of greater virulence will be favoured over more benign genotypes. Once pathogens have evolved increased virulence the costs of this virulence will be suffered not just until the contamination is remedied, but rather throughout a period determined by (i) the relative prevalences of the different genotypes and (ii) the differences between the fitness of the genotypes in the corrected environment.
In this regard, the failure to consider evolutionary effects may result in underestimates of the long-term net benefits of pure water and, as a consequence, underestimates of the appropriate level of economic investment in water purification. The recent advocacy of increasing water quantity rather than water quality [317, 318] might have grave long-term effects: provisioning of contaminated water might favour the most virulent genotypes, reversing the general tendency observed during decades of water purification, for replacement of the most deadly pathogens (classical V. cholerae, Salmonella typhi, and Shigella dysenteriae 1) by less virulent pathogens [6] . Determinations of appropriate allocations of economic resources [4, 317, 318, 320] , therefore, need to be temporally broadened to consider evolutionary effects of investments in alternatives such as treatment, vaccination, excreta disposal, increasing quantities of water and provisioning of pure water. 
